The biological function of most proteins relies on reversible post-translational modifications, among which phosphorylation is most prominently studied and well recognized. Recently, a growing amount of evidence indicates that acetylation-deacetylation reactions, when applied to crucial mediators, can also robustly affect the function of target proteins and thereby have wideranging physiological impacts. Sirtuin 1 (SIRT1), which functions as a nicotinamide adenine dinucleotide (NAD + )-dependent protein deacetylase, deacetylates a wide variety of metabolic molecules in response to the cellular energy and redox status and as such causes significant changes in metabolic homeostasis. This review surveys the evidence for the emerging role of SIRT1-mediated deacetylation in the control of metabolic homeostasis.
Introduction
Post-translational modification (PTM) refers to a chemical modification of a protein after its translation. During PTM, biochemical groups such as acetyl, phosphate, methyl, ubiquitin, and various lipids and carbohydrates can be attached to or removed from specific amino acid residues in the proteins. PTM represents an important mechanism to diversify and regulate protein function. Although phosphorylation is probably the most extensively studied and prevalent PTM in numerous biological pathways, the list of proteins that undergo acetylation-deacetylation is increasing rapidly. First identified in histones 40 years ago, acetylation-deacetylation has been known to occur and functionally alter over 80 transcription factors and many other nuclear regulators [1, 2] . Illustrating the fact that acetylation was not a rare event, a proteomics study using mouse liver mitochondria identified 277 acetylation sites in 133 mitochondrial proteins [3] , in which the acetylation was not or poorly described before. Most recently, another proteomics survey using three human cancer cell lines revealed 3600 acetylation sites on 1750 proteins, indicating that acetylation-deacetylation reactions, probably as prevalent as phosphorylationdephosphorylation events, affect almost all major cellular pathways [4] .
Sirtuin 1 (SIRT1), a mammalian ortholog of the yeast silent information regulator 2 (Sir2), has been referenced as a longevity protein or an aging regulator more and more frequently since growing evidence implies that the Sir2 family proteins mediate lifespan extension of yeast, worms, flies, and mammals [5] [6] [7] . In mammals, SIRT1 belongs to a small gene family with seven members, designated Sirtuin 1 through 7. Among them, SIRT1 is by far the best characterized [8] [9] [10] . SIRT1, functioning as a protein deacetylase, transfers the acetyl group of lysines in a protein substrate to the ADP-ribose moiety of nicotinamide adenine dinucleotide (NAD + ) to produce a deacetylated protein, nicotinamide (NAM), and 2′-Oacetyl-ADP ribose [11, 12] . A variety of SIRT1 substrates that are involved in a broad range of physiological functions, including genomic stability [13, 14] , cell survival [15] [16] [17] , inflammation [18, 19] , and metabolism [9, 20] , have been identified, which probably confers upon SIRT1 the magical power to promote longevity. In this review, we will mainly discuss the beneficial effects of SIRT1-mediated deacetylation of metabolic molecules on energy and metabolic homeostasis.
SIRT1 deacetylates the PGC1s, the master regulators of mitochondrial function
One of the well-established SIRT1 metabolic substrates is the peroxisome proliferator activated receptor γ (PPARγ) coactivator 1 (PGC1) α. PGC1α was initially identified as a transcriptional coactivator of PPARγ capable of inducing the transcription of uncoupling protein-1 in brown adipose tissue [21] . Later, PGC1α has been shown to coactivate a wide variety of transcription factors including PPARα, hepatocyte nuclear factor 4α (HNF4α), estrogen-related receptor α (ERRα), Forkhead box-containing protein type O 1 (FOXO1), nuclear respiratory factor (NRF) 1 and 2, many of which are involved in the transcriptional control of mitochondrial proteins [22] [23] [24] . Thus PGC1α is endowed with the master ability to direct the complex program of mitochondrial biogenesis and function. SIRT1, activated under low-nutrient conditions or by pharmacological SIRT1 activating compounds (STACs), interacts with and deacetylates PGC1α [25] [26] [27] . This deacetylation activates PGC1α and subsequently results in a significant yet well-coordinated change of mitochondrial gene expression (Fig. 1 ). This translates in vivo in the regulation of mitochondrial function and fuel usage in multiple metabolic tissues. In the fasted liver, deacetylation of PGC1α by SIRT1 leads to a transcriptional switch from glycolytic to gluconeogenic genes and thus increases the hepatic glucose production [25, 26] . The gene expression of fatty acid oxidation enzymes is induced as well in the fasted liver to shift the fuel usage from glucose to fatty acids [26] . Deacetylation of PGC1α by SIRT1 in skeletal muscle also activates the expression of mitochondrial fatty acid oxidation genes in response to caloric deprivation [27] .
Treatment with the natural SIRT1 activator, resveratrol, also reduces PGC1α acetylation and enhances mitochondrial biogenesis and oxidative phosphorylation (OXPHOS) in mice [28, 29] . As a result, mice have increased aerobic capacity and are resistant to high fat diet (HFD)-induced obesity and insulin resistance [29] . The administration of a more specific and potent synthetic SIRT1 activator, SRT1720, leads to similar protective effects on metabolism in mice [30, 31] . At the molecular level, PGC1α acetylation is also reduced by this STAC, leading to PGC1α activation. Similar to the changes in gene expression profile observed under low-nutrient conditions, the transcription of fatty acid oxidation genes is significantly induced in SRT1720 treated mice [30] .
The genetic models in which SIRT1 expression levels are modulated also support a role of SIRT1-mediated deacetylation of PGC1α in metabolic control. Knockdown of SIRT1 in mouse liver decreases PGC1α-dependent expression of gluconeogenic and fatty acid oxidation genes [26] . These mice have hence a modest but consistently lower blood glucose level, combined with increased intracellular hepatic free fatty acid accumulation, as compared with control mice. Overexpression of SIRT1 reverses those effects, which are strikingly dependent on the presence of PGC1α [26] . Similarly, knockdown of SIRT1 in the liver of diabetic rats causes increased PGC1α acetylation and decreased gluconeogenic gene expression [32] . Liver specific deletion of SIRT1 impairs PPARα signaling and decreases fatty acid oxidation [33] . In SIRT1 deficient hepatocytes, PGC1α, as a coactivator of PPARα, is still recruited to the PPARα target promoters of fatty acid oxidation genes. However, its hyperacetylated state inhibits its ability to coactivate the transcription [33] . In contrast, in two independent studies, the moderate overexpression of SIRT1 in mice leads to elevated transcription of gluconeogenic genes [34] and a few other PGC1α target genes [35] in the hepatocytes.
Very recently, PGC1β, another member of PGC1 family, was shown to be acetylated by the acetyltransferase general control of amino acid synthesis (GCN5) and deacetylated by SIRT1 [36] . Less is, however, known about the function of PGC1β. The characterization of PGC1β deficient mice indicates that PGC1β is required for normal expression of OXPHOS genes and mitochondrial function in liver and skeletal muscle [37] . The acetylation of PGC1β by GCN5 inactivates PGC1β activity and thus attenuates the expression of endogenous PGC1β target genes such as medium chain acyl-CoA dehydrogenase (MCAD) and glucose transporter 4 (Glut4) [36] . Correspondingly, the glucose uptake in response to insulin is impaired in GCN5-overexpressing primary skeletal myotubes [36] . The deacetylation of PGC1β by SIRT1 probably has the reverse effects but this needs to be further confirmed.
SIRT1 deacetylates FOXO1, a crucial mediator of energy metabolism
FOXO transcription factors, especially FOXO1, play a significant role in the regulation of whole body energy metabolism [38] . SIRT1 has been shown to deacetylate FOXO1. The deacetylated FOXO1 was enriched in the nucleus and activated its target genes involved in gluconeogenesis in hepatocytes ( Fig. 1) [39] . A detailed study revealed that the gluconeogenesis during caloric deprivation is orchestrated initially by the transcriptional cofactor CREB-regulated transcription coactivator 2 (CRTC2, will be discussed below) and sequentially by FOXO1 [40] . The activation of FOXO1 through SIRT1-mediated deacetylation is crucial to support the expression of the gluconeogenic program in the later stage of fasting [40] . Knockdown of SIRT1 in the liver of diabetic rats causes increased FOXO1 acetylation and decreased gluconeogenic gene expression [32] . Considering that PGC1α serves as a coactivator for FOXO1, the deacetylation of both PGC1α and FOXO1 by SIRT1 might have synergistic effects on their common gluconeogenic target genes.
In pancreatic β cells, FOXO1 promotes cell survival and preserves their insulin secretion function, on which the SIRT1-mediated deacetylation also has a remarkable impact ( Fig. 1 ) [41] . By replacing the six lysines (the acetylation sites) in FOXO1 with either arginine (preventing acetylation) or glutamine (mimicking acetylation), the Accili group [41] showed that acetylation is required for the nuclear translocation of FOXO1 in pancreatic βTC-3 cells in response to oxidative stress. The acetylated FOXO1 binds to the promyelocytic leukemia (Pml) nuclear bodies, where it is deacetylated by SIRT1 to become transcriptional active. Subsequently, the activated FOXO1 induces the expression of NeuroD and musculoaponeurotic fibrosarcoma oncogene homolog (MafA), two critical transcription factors that activate the expression of the insulin gene [42] . It will be interesting to address whether the transient acetylation of FOXO1 observed in pancreatic cells is also a prerequisite for the nuclear translocation of FOXO1 in hepatocytes.
In adipocytes, the deacetylation of FOXO1 by SIRT1 enhances the transcription of adiponectin ( Fig. 1) [34, 43] . A FOXO1 mutant that can not be acetylated increases adiponectin expression whereas the FOXO1 mutant mimicking constitutive acetylation fails to activate the transcription of adiponectin [34] . In line with this observation in vitro, overexpression of SIRT1 in mice leads to an increase of adiponectin in the plasma and white adipose tissue and thus improves the insulin sensitivity [34] .
SIRT1 deacetylates NF-κB, a key regulator of inflammation
The transcriptional factor nuclear factor-κB (NF-κB) is a key regulator of inflammation [44] . SIRT1 has been shown to deacetylate the p65 subunit of NF-κB and thus inhibit its transcriptional activity [45] . Very recently, the deacetylation of NF-κB by SIRT1 was found to protect pancreatic β cells against cytokine toxicity [46] . SIRT1 protein level decreases in cytokine-treated pancreatic RIN cells and rat islets. SIRT1 overexpression or activation by resveratrol reduces the acetylation of NF-κB and prevents its nuclear translocation to activate the expression of its target gene nitric oxide synthase (iNOS) in response to cytokines [46] . As a result, islet viability is increased and insulin secretion is preserved (Fig.  1) [46] .
A growing amount of evidence indicates that chronic, low-grade inflammation can cause peripheral insulin resistance [47] . Genetic or chemical inhibition of NF-κB has been shown to improve insulin resistance [48, 49] . The inhibition of NF-κB via SIRT1-mediated deacetylation seems to have similar effects (Fig. 1) . In adipocytes, SIRT1 also deacetylates NF-κB and inhibits its binding to the target gene promoters [19] . Consistent with this, treatment of HFD-fed mice with the SIRT1 activator SRT1720 decreases NF-κB mediated inflammatory gene expression within adipose tissue depots. Correspondingly, insulin signaling is improved and the insulin-stimulated glucose uptake and Glut4 translocation is enhanced. In contrast, knockdown of SIRT1 has the reverse effects [19] .
SIRT1 deacetylates LXRs, sterol sensors for cholesterol metabolism
The nuclear receptors liver X receptor (LXR) α and β serve as sterol sensors to regulate the cholesterol metabolism and hepatic lipid homeostasis [50] [51] [52] . Cholesterol is crucial to maintain cell membrane structure and also serves as a precursor for the synthesis of bile acids, steroids, and vitamin D. However, excessive cholesterol in the body accumulates in macrophages, favoring the development of atherosclerosis [53] . Reverse cholesterol transport (RCT), the process that helps to remove cholesterol from macrophages by redirecting cholesterol to the liver for subsequent elimination via the bile acid synthesis, is mainly regulated at the transcription levels [54] . The crucial cholesterol transporters for RCT, such as ATP binding cassette A1 (ABCA1) and sterol 27 hydroxylase (Cyp27A1), are transcriptionally regulated by the LXRs [55, 56] . LXRs also regulate the expression of cytochrome P450 cholesterol 7α-hydroxylase (Cyp7A1), the rate-limiting enzyme of bile acid synthesis for the final step of RCT [57] .
Interestingly, a single lysine K432 in LXRα and K433 in LXRβ are deacetylated by SIRT1. The deacetylation promotes the transcriptional activity of LXRs and facilitates their ubiquitination and subsequent degradation (Fig. 1) [58] . As such, SIRT1-mediated deacetylation enhances LXR cycling on their target promoters [59, 60] . The deficiency of SIRT1 in primary macrohages decreases the induction of the LXR target gene ABCA1 upon LXR ligand treatment. Correspondingly, cholesterol export was impaired in SIRT1 deficient primary macrophages [58] . In line with this blunted cholesterol efflux observed in vitro, plasma HDL-cholesterol levels are significantly lower in SIRT1 +/− mice [58] . Specific knockdown of SIRT1 in liver also results in the lower levels of serum cholesterol [26] . At the molecular level, the absence of SIRT1 in those mice leads not only to decreased expression levels of ABCA1 but also Cyp7A1 [26] , suggesting that the LXR-mediated bile acid synthesis, in addition to choleseterol efflux, is also affected by SIRT1.
It is important to note in this context that several other studies suggest that the actions of SIRT1 on cholesterol homeostasis may be complex. Activation of SIRT1 by the administration of STACs (either resveratrol or SRT1720) has no impact on blood HDL cholesterol levels [28] [29] [30] . Strikingly, the systemic HDL cholesterol levels are also reduced in mice overexpressing SIRT1 [61] . The fact that calorie restriction, which is known to activate SIRT1, improves atherosclerosis in both mice and humans, and also promotes cholesterol homeostasis in humans [62, 63] , however, are in line with the potential positive effects of SIRT1 on RCT observed in the knockout or knockdown models. To address the complex impact of the SIRT1-mediated regulation of LXRs and cholesterol metabolism, further studies at the molecular level in mice that are either challenged by a hypercholesterolemic diet or genetically predisposed to atherosclerosis will be required. Specific inactivation of SIRT1 in macrophages, liver, or intestine will also help to elucidate the contribution of SIRT1 to RCT in individual tissues.
SIRT1 deacetylates other metabolic molecules CRTC2
As mentioned above, the transcription cofactor CRTC2 is critical for the induction of gluconeogenic genes during the early stage of caloric deprivation [40] . Interestingly, the transcriptional activity and protein stability of CRTC2 are also regulated by reversible acetylation [40] . Upon fasting, the acetyltransferases p300 and CREB binding protein (CBP) associate with and acetylate CRTC2. This acetylation promotes CRTC2 activity and stimulates the expression of its target gluconeogenic genes [40] . In the later stages of fasting, the activated SIRT1 deacetylates CRTC2 and promotes its ubiquitin-dependent degradation (Fig. 1 ). FOXO1 and PGC1α, activated by SIRT1 deacetylation, become then the major players to further support the expression of the gluconeogenic program [39, 40] .
STAT3
The transcription factor signal transducer and activator of transcription 3 (STAT3), a negative regulator of gluconeogenesis, is recently shown to be also deacetylated by SIRT1 [64] . STAT3 suppresses PGC1α expression and thus inhibits the gluconeogenesis in the liver [65, 66] . The deacetylation of STAT3 by SIRT1 inhibits its phosphorylation. Thereby, STAT3 is not able to translocate into the nucleus to repress PGC1α expression and its suppression on gluconeogenesis is relieved (Fig. 1 ) [64] .
AceCS1
In mammals, two acetyl-CoA synthetases (AceCS), the cytoplasmic AceCS1 and the mitochondrial AceCS2, are identified. These AceCS enzymes scavenge excessive acetate and turn it into usable acetyl-CoA [67, 68] . SIRT1 has been shown to deacetylate and activate AceCS1 (Fig. 1 ) [69] . Overexpression of SIRT1, along with AceCS1 in the cells, led to a synergistic increase of acetate incorporation into lipids [69] . The activation of AceCS1 through SIRT1-mediated deacetylation might also facilitate other acetyl-CoA requiring metabolic reactions in cytoplasm.
SIRT1 serves as a sensor of cellular energy and redox states through NAD + availability
As mentioned above, the protein deacetylation by SIRT1 requires NAD + as a co-substrate. In fact, NAD + is indispensible to the deacetylase activity of the Sir2 family proteins whereas the reaction by-product NAM blunts their activities [70] [71] [72] . The strict dependence of SIRT1 activity on NAD + links its enzymatic activity to the availability of NAD + in cells (Fig. 1) .
One main role of NAD + in organisms is to transfer electrons in redox reactions, through which the energy from nutrients is released for further utilization. For example, glycolysis and the citric acid cycle transfer energy from nutrients to NAD + by its reduction to NADH, which is then transferred into the mitochondria. The NADH is then oxidized in turn by the electron transport chain, which pumps protons across the mitochondrial membrane and generates ATP through OXPHOS [73] . Therefore, it is believed that SIRT1 is capable of sensing the nutrient and redox status in cells through the fluctuation of NAD + /NADH ratio [23, 74, 75] .
Most recently, nutrient deprivation or energy stress was shown to increase the NAD + pool through the activation of AMP-activated protein kinase (AMPK) [76, 77] . As indicated by its name, AMPK is activated by the increased AMP/ATP ratio in cells. The activated AMPK boosts ATP production processes and inhibits ATP use, thus restoring energy balance. Therefore, AMPK serves as a critical regulator of mitochondrial biogenesis and function in response to energy deprivation caused through low nutrients, exercise, and oxidative stress [78] [79] [80] [81] .
In skeletal myoblasts, AMPK, activated under low nutrition conditions or by 5-aminoimidazole-4-carboxamide-1-β-D-riboside (AICAR), induces the transcription of nicotinamide phosphoribosyltransferase (Nampt) [77] . Nampt is the rate-limiting enzyme in the mammalian NAD + biosynthesis. It initiates NAD + biosynthesis by catalyzing the conversion of NAM into nicotinamide mononucleotide (NMN), which is then converted to NAD + via nicotinamide mononucleotide adenylyltransferase (Nmnat) [82] [83] [84] [85] [86] . Increased level of Nampt contributes to the synthesis of NAD + , which helps activate the function of SIRT1 [77] .
A more detailed study revealed that AMPK enhances NAD + /NADH ratio in a two-step model, the first step being independent of Nampt [76] . AMPK, activated by AICAR, increases NAD + level, NAD + /NADH ratio, and simultaneously SIRT1-mediated PGC1α deacetylation in myotubes as early as 4 hours after AICAR treatment, before a potential contribution of Nampt induction to NAD + synthesis. A significant increase of NAD + pool was also evident 3 hours after exercise in tibialis anterior muscle. Strikingly, acute blockage of Nampt activity with a specific inhibitor FK866 did not affect the elevated NAD + /NADH ratio or PGC1α deacetylation in the first 8 hours after AMPK activation, suggesting a second Nampt-independent mechanism responsible for the initial boost in NAD + . Inhibition of fatty acid oxidation, however, completely abolished AMPK-induced acute increase of NAD + /NADH ratio and PGC1α deacetylation [76] , suggesting that fatty acid oxidation pathway is crucial for AMPK to elevate NAD + /NADH ratio at least at the early stage of its activation. A time course dissection of Nampt expression showed that Nampt protein level began to increase only ~12 hours after AMPK activation (C. Canto and J. Auwerx, unpublished data), long after the "metabolic" induction of NAD + . Consistent with this twostep mechanism, chronic knockdown of Nampt for 48 hours impaired SIRT1-mediated PGC1α deacetylation [76] . Altogether, these data suggest a two-step induction of NAD + levels by AMPK activation, composed of a fast "metabolic" phase that relies on fatty acid oxidation and a slower Nampt-dependent "transcriptional" phase, which is important to sustain the NAD + pool in the later stage of AMPK activation (Fig. 2) .
A new twist of this NAD + availability and SIRT1 function is the recently identified circadian feedback loop between SIRT1 activity and Nampt transcription (Fig. 3) [87, 88] . SIRT1 activity, intracellular NAD + levels, and Nampt transcription oscillate in a circadian manner [87] [88] [89] [90] . SIRT1 was first found to associate with the central circadian regulators Clock/Bmal1 in a circadian manner and as such be responsible for the deacetylation of Bmal1 and its corepressor Period 2 (Per 2) [89, 90] . The deacetylation facilitates the efficient degradation of Bmal1 and Per2, and thus ensures to re-prime the promoter regions of Clock/ Bmal1 target genes [89, 90] . In a further twist on this story, SIRT1 was thereafter identified, along with Clock/Bmal1, to rhythmically occupy on the Nampt promoter to control the circadian expression of Nampt [87, 88] . Deletion of Clock in mice abolishes the oscillation of Nampt transcription [88] . Conversely, disruption of Nampt function by FK866 blunts the SIRT1 activity and thus abrogates SIRT1-mediated deacetylation oscillation of Bmal1 [88] . Thus, SIRT1 activity and Nampt transcription are tightly linked together under the control of circadian rhythm.
Concluding remarks and future perspectives
Protein deacetylation by SIRT1, triggered under energy deprivation, energy stress or regulated through circadian clock, modulates many aspects of glucose and lipid homeostasis. This points to a complex regulatory role of SIRT1-mediated deacetylation in whole body metabolism. Because of the pleiotropic effect of germline SIRT1 deficiency on the development of animals [91] , tissue-specific SIRT1 deficient animals will become very valuable tools to dissect the functional significance of deacetylation by SIRT1 in metabolic tissues. So far only liver-specific genetic ablation of SIRT1 is reported. Other metabolic tissue-specific or conditional deletions of the SIRT1 gene will definitely provide novel insights into the physiological actions of SIRT1.
The ability to sense the cellular NAD + availability enables SIRT1 to modulate metabolism and other important physiological events in response to a variety of nutritional and environmental stimuli, though it is not likely that NAD + acts as the sole switch controlling SIRT1 activity. Transcriptional control of SIRT1 expression, PTMs including sumoylation and phosphorylation, association of cofactors (such as active regulator of SIRT1 (AROS)) or inhibitors (such as deleted in breast cancer 1 (DBC1)), and subcellular localization all contribute to shape, fine tune, and terminate the SIRT1 response ( Fig. 1) [20, 92, 93] . Untangling the crosstalk among those regulatory knots and identification of novel modulators will help to understand the comprehensive regulatory SIRT1 circuits.
The nutrient availability not only has an impact on the regulation of the SIRT1 deacetylase, but equally affects the regulation of protein acetyltransferases, as highlighted by a recent study showing that the acetyltransferases GCN5 and steroid receptor 3 (SRC3) were robustly induced in the muscle after HFD feeding but significantly reduced upon fasting [94] . Both GCN5 and SRC3 regulate the glucose metabolism through increasing the acetylation state of PGC1α [94, 95] , acting from the opposite angle as SIRT1. Thus, both acetyltransferases and deacetylases, as ying-yang players controlling acetylationdeacetylation, serve as real energy sensors to coordinate the metabolic homeostasis. Further work to delineate the functions of diverse acetyltransferases that are responsible to acetylate SIRT1 metabolic substrates will complete the flip side picture of SIRT1 action on metabolism.
Remarkably, the functional output of SIRT1-mediated deacetylation varies among the substrates. In some cases, the deacetylation activates the function of the substrates (such as PGC1α, FOXO1) whereas in other cases the deacetylation inhibits their actions (STAT3, NF-κB) (Fig. 1) . Although all the physiological consequences of the deacetylation favor to reach a better-balanced energy homeostasis, it is still puzzling to see the multitude of mechanisms involved at the molecular level. It is tempting to speculate that other PTMs such as phosphorylation, ubiquitination, and methylation might have synergistic or antagonistic effects along with the deacetylation. In this context it is interesting to point out that a PGC1α mutant, lacking the two AMPK phosphorylation sites, becomes resistant to deacetylation by SIRT1 and not able to activate its downstream genes [76] . Therefore, similar to the epigenetic regulatory code that affects histone and chromatin function, a code might exist in non-histone proteins to direct the function of key cellular mediators. Further work to unveil the interplay between SIRT1-mediated deacetylation and other PTMs triggered by other sensors will shed light on not only the SIRT1 field but also contribute to understand the epigenetic code.
Finally, identification of novel SIRT1 targets, definition of the function of other sirtuin members, and their possible cross-regulation with SIRT1 are also needed, as this will further enhance our knowledge of sirtuin biology. All the progress will pave the way for a better understanding of metabolic diseases and possible development of novel therapies that target members of the sirtuin gene family. The role of protein deacetylation by SIRT1 in the control of metabolic homeostasis in response to nutrient and environmental stimuli. The deacetylase activity of SIRT1 is shaped and fine-tuned through its protein level, post-translational modifications, and association with inhibitors or cofactors. Most importantly, SIRT1 activity depends on the availability of cellular NAD + , which is orchestrated by the cellular redox status, NAD + synthesis, and utilization in response to the nutrient and environment. The activated SIRT1 modulates many aspects of glucose and lipid homeostasis through deacetylating key metabolic molecules. The deacetylation of PGC1α by SIRT1 activates its transcriptional activity and thus induces the expression of target genes involved in gluconeogenesis and fatty acid oxidation. The SIRT1-mediated deacetylation of FOXO1 also increases its transcriptional activity and promotes the expression of gluconeogenic genes in liver, insulin gene in pancreas, and adiponectin gene in the adipose tissues. The sterol sensors LXRs are deacetylated and activated by SIRT1. The deacetylation contributes to balance cholesterol homeostasis in vivo. In addition, SIRT1 is capable to deacetylate and activate the cytoplasmic AceCS1, which scavenges acetate to usable acetyl-CoA. SIRT1 boosts and maintains gluconeogenesis in response to low nutrients by deacetylating and inhibiting other two transcription (co)factors CRTC2 and STAT3. The deacetylation of CRTC2 promotes its degradation whereas the STAT3 deacetylation renders STAT3 in the cytoplasm and prevents its inhibition on PGC1α expression. Similarly, the deacetylation of NF-κB by SIRT1 abrogates the nuclear translocation of NF-κB. This results in a decreased expression of iNOS gene in pancreas and preserves the viability and insulin secretion function of islets. In adipose tissues, the inhibition of NF-κB function via SIRT1 deacetylation decreases the inflammatory gene expression and correspondingly improves the insulin sensitivity. A two-step induction of NAD + levels by AMPK activation. AMPK, activated by the nutrient deprivation or energy stress, enhances NAD + levels through two steps. The initial acute metabolic phase relies on the boost in fatty acid oxidation. The second slow transcription phase depends on the induction of Nampt expression. Altogether, a higher level of NAD + is obtained, which activates SIRT1. A circadian feedback loop between SIRT1 activity and Nampt transcription. The core circadian regulators Clock/Bmal1 bind to the E-box of Nampt gene. Clock acetylates Bmal1 and local histone tails to promote the transcription of Nampt. The resulting Nampt enzyme boosts the synthesis of NAD + , which activates SIRT1. Meanwhile, other two Clock/Bmal1 targets Cry1 and Per2 are induced by Clock/Bmal1. The Cry1/Per2 heterodimer, serving as corepressors of Clock/Bmal1, turns off the transcription of Clock/Bmal1 target genes, including Nampt. The activated SIRT1 is subsequently recruited to the transcriptional machinery by Clock and deacetylates Bmal1 and Per2. This deacetylation promotes the degradation of both proteins. As such, the promoter region of Nampt is re-primed and the gene is ready for the next round of Clock-dependent induction. 
